In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in ª 2011 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
ReseaRch PaPeR
Transcripts of sulphur metabolic genes are co-ordinately regulated in developing seeds of common bean lacking phaseolin and major lectins Introduction Protein quality in legume crops is limited by the sub-optimal levels of the essential sulphur amino acids, Met and Cys. Among legumes grown for consumption of the whole grain as food, common bean (dry bean, Phaseolus vulgaris) is the most important worldwide (Broughton et al., 2003) . A unique feature of Phaseolus and several Vigna species is the accumulation of a non-protein amino acid, S-methyl-Cys, to a high concentration in seed, of up to 0.3% per dry weight, mainly as a γ-Glu dipeptide (Giada et al., 1998) . S-Methyl-Cys cannot substitute for Met or Cys in the diet (Padovese et al., 2001) . Major seed proteins in common bean, the 7S globulin phaseolin and lectin phytohaemagglutinin, are poor in Met and Cys. In a set of genetically related lines, the absence of phaseolin and major lectins resulted in a shift of sulphur from S-methyl-Cys to the sulphur amino acid pool in protein (Taylor et al., 2008) . The concentration of sulphur amino acids in seed was elevated by 70% for Cys and 10% for Met, to levels of 27 mg g -1 protein, compared with FAO requirement scoring patterns of 22-28 mg g -1 protein, depending on age group (WHO, 2007) . Proteomic analysis identified several sulphur-rich proteins whose levels are elevated in the absence of phaseolin and major lectins, including the 11S globulin legumin, albumin-2, defensin, albumin-1, and the Bowman-Birk type proteinase inhibitor (Marsolais et al., 2010) . Under these conditions, legumin becomes the dominant storage protein, accounting for at least 17% of total protein. Integration of proteomic and functional genomic data enabled the identification and isolation of cDNAs encoding these proteins (Yin et al., 2011) . These characteristics are reminiscent of the opaque-2 mutant, which was used to develop Quality Protein Maize (Huang et al., 2009) .
To date, most approaches to improve protein quality in grain legumes have involved the transgenic expression of sulphur-rich proteins, sometime in combination with metabolic engineering of sulphur amino acid pathways. Expression of the foreign protein is often limited by the supply of sulphur and can result in decreased expression of endogenous sulphur-rich proteins (Streit et al., 2001; Tabe and Droux, 2002) . In soybean, transgenic expression of Brazil nut 2S albumin increased Met concentration by 26% (Townsend and Thomas, 1994) , while expression of 15 kDa δ-zein increased Met and Cys concentrations by 20% and 35%, respectively (Dinkins et al., 2001) . With 11 kDa δ-zein, the Met concentration was increased in the alcohol-soluble protein fraction, but not overall in the seed (Kim and Krishnan, 2004) . In common bean, the expression of Brazil nut 2S albumin increased the Met concentration by 20% (Aragao et al., 1999) . In lupin and chickpea, expression of sunflower seed albumin stimulated sulphur assimilation. Sulphur was shifted from the sulphate to the protein Met pool, elevated by 90%, while the concentration of Cys was reduced by 10% (Molvig et al., 1997; Tabe and Droux, 2001; Chiaiese et al., 2004) . In Vicia narbonensis, which accumulates little sulphate in mature seed, co-expression of Brazil nut 2S albumin with a feedback-insensitive, bacterial Asp kinase increased Met and Cys concentrations by 100% and 20%, respectively (Demidov et al., 2003) . The increased levels of Met and Cys were accompanied by decreases in the concentration of γ-Glu-S-ethenyl-Cys (2-fold) and free thiols, particularly γ-GluCys and glutathione. About two-thirds of the increase in Met and Cys concentration was attributed to an enhanced supply of sulphur to the seed. However, the potential allergenicity of Brazil nut 2S and sunflower seed albumins limits their practical usefulness for crop improvement (Nordlee et al., 1996; Kelly and Hefle, 2000) .
Although the seed is a major target for the biotechnological improvement of total Met and Cys levels, there is a relative lack of information on the regulation of sulphur amino acid metabolism in this tissue. Some specific features are related to sulphur nutrition and assimilation. In soybean, sulphate in pods is transformed into homoglutathione, which is mobilized into developing seed (Anderson and Fitzgerald, 2001) . While homoglutathione contributes Cys, S-methyl-Met is anticipated to be a major form of Met transported to the seed (Bourgis et al., 1999; Lee et al., 2008; Tan et al., 2010) . Assimilation of transported S-methyl-Met requires homocysteine as an acceptor of the S-methyl group. Under sulphur-sufficient conditions, soybean seeds do accumulate detectable levels of sulphate throughout development (Naeve and Shibles, 2005) . Recent functional genomic studies have highlighted the occurrence of complete pathways of sulphate assimilation and de novo Cys and Met biosynthesis in developing seed, both in soybean and common bean (Yi et al., 2010; Yin et al., 2011) . Considering the roles of homoglutathione and S-methyl-Met as organic sulphur transport forms, the contribution of sulphate assimilation and de novo Cys and Met biosynthesis remains to be fully elucidated.
Recently, seed-specific transgenic expression of a chloroplastic, feedback-insensitive Ser acetyltransferase (SERAT) in lupin increased the concentration of O-acetylserine and free Cys (Tabe et al., 2010) . Despite this, the total concentration of Cys and Met remained unaltered, even after co-segregation of the sunflower seed albumin transgene. This was interpreted as further evidence that sulphate assimilation and Cys biosynthesis are regulated independently from Met biosynthesis, which is part of the Aspderived amino acid pathway (Galili et al., 2005) . Constitutive over-expression of a cytosolic form of O-acetylserine sulphhydrylase (OASS) in transgenic soybean led to sustained enzymatic activity at the late stages of seed development and resulted in a 70% increase in total Cys concentration in mature seed (Kim et al., 2012) . This was associated with enhanced levels of the endogenous Cys-rich protein, the Bowman-Birk protease inhibitor.
Genetically related lines of common bean which integrate a deficiency in phaseolin and phytohaemagglutinin constitute a unique system to investigate the regulation of sulphur amino acid metabolism in seed, since perturbations are the result of changes in the levels of endogenous proteins, arising from natural genetic variation. Osborn et al. (2003) described their generation. SARC1 contains arcelin-1 introduced from a wild accession into the navy bean cultivar Sanilac. SMARC1N-PN1 lacks phaseolin and major lectins through the introgression of recessive null alleles from a Phaseolus coccineus accession and 'Great Northern 1140', respectively. SARC1 and SMARC1N-PN1 share a similar level of the parental, Sanilac background (ca. 85%). In the present study, global analysis of transcripts and free amino acids was performed between the two genotypes at four stages spanning the developmental period of γ-Glu-S-methylCys accumulation in seed (Yin et al., 2011) .
Materials and methods

Plant materials
Plants of common bean (dry bean, Phaseolus vulgaris) lines SARC1 and SMARC1N-PN1 (Osborn et al., 2003) were grown in the field in London, Ontario, Canada, in 2009. Developing seeds were harvested at four developmental stages, designated after Walbot et al. (1972) : stage IV, cotyledon (average seed weight of 25 mg); stage V, cotyledon (50 mg); stage VI, maturation (150 mg); and stage VIII, maturation (380 mg). They were immediately frozen in liquid nitrogen and stored at -80 °C.
RNA extraction
Replicate samples consisted of 10-30 seeds pooled randomly from different plants. Four independent extractions were performed for each genotype and developmental stage, for a total of 32 samples. Seeds were ground in liquid nitrogen. Total RNA was extracted from 0.5-1 g of tissue using a modified lithium chloride precipitation method as described by Bruneau et al. (2006) . RNA was quantified by spectrophotometry with a NanoDrop 1000 (Thermo Scientific, Wilmington, Delaware, United States) and its quality evaluated from A 260/280 ratio and agarose gel electrophoresis.
Assembly of expressed sequence tags and design of CustomArray 90K array
Common bean expressed sequence tags (ESTs) from BAT93 seed (Yin et al., 2011) were pooled with other common bean ESTs from GenBank dbEST (as of 1 August 2009) to generate a starting dataset of 111 255 sequences. This dataset was processed using SEQCLEAN in order (i) to remove sequences shorter than 100 bp; (ii) to remove low-complexity and low-quality sequences; (iii) to trim poly A/T and undetermined bases (N); (iv) to use the National Center for Biotechnology Information UniVec collection for end-trimming of vector sequences and removal if necessary; and (v) to remove sequences matching the Escherichia coli genome, and ribosomal RNA small and large subunits at the level of 96% identity. The SEQCLEAN procedure resulted in the removal of 3427 sequences and the trimming of an additional 29 445 sequences leaving 107 828 sequences available for assembly. The SEQCLEAN program is part of the PASA pipeline (Haas et al., 2003) . The cleaned EST dataset was then clustered and assembled using TGICL (Pertea et al., 2003) using default parameters except for specifying 96% identity for CAP3 contig assembly. A few sequences coding for arcelin or leucoagglutining phytohaemagglutinin were added from GenBank. However, among differentially expressed lectins that were previously identified by proteomics (Marsolais et al., 2010) , mannose lectin FRIL was omitted. The assembly contained 18 742 contigs or singletons. The assembly was annotated by BlastX to the UniProt database, Viridiplantae taxonomy, by identifying the best hit with an informative annotation having an e-value smaller than or equal to 1 × 10 -5 . This assembly was used to design probes on a CustomArray 90K array (Mukilteo, Washington, United States). A total of 18 415 unigenes were represented on the array. Most of these were represented by five 35-40-mer probes (16 510), with the remainder represented by four (480), three (470), two (522), or one probe (431). For contigs or singletons with two probes, these probes were placed in duplicate on the array. For those with one probe, five replicates were placed on the array. A total of 1597 were duplicate probes corresponding to two or more contigs or singletons. Two ubiquitin contigs were present to use as control, with 30 replicates of their five individual probes (CL1Contig148 and CL1Contig270). Arrays were manufactured using a CustomArray B3 Synthesizer at the Plant Biotechnology Institute in Saskatoon, Saskatchewan, Canada.
Microarray hybridization and data acquisition
Amplified RNA (aRNA) was synthesized from 1 µg of total RNA treated with amplification-grade DNase I (Life Technologies, Burlington, Ontario, Canada) using RNA ampULSe: Amplification and Labeling Kit (Kreatech Diagnostics, Durham, North Carolina, United States) according to the manufacturer's instructions. Four µg of purified aRNA was labelled with Cy5 and hybridized to the arrays according to CustomArray protocols. The images were scanned with a GenePix 4000B scanner (Molecular Devices, Sunnyvale, California, United States) at values of 5 µm resolution, a focal depth of 150 µm, 100% laser power, and photomultiplier gain of 400. Data were extracted using GenePix Pro 6.1.0.4. One slide from stages VI and VIII were discarded due to uneven hybridization, leaving three biological replicates for stages VI and VIII, as compared with four at stages IV and V, for a total of 28 samples. Scanned data were adjusted with local background median values and filtered to remove poor or 'absent' probes with median signals smaller than the negative control median values plus twice the standard deviation (Polesani et al., 2010) . Probes passing this filtering for at least 6 of the 28 samples were included in the normalization and further analysis.
Microarray data analysis
Probe intensities were adjusted with local background subtraction, log 2 transformed, and then quantile normalization was applied at the probe level with GeneSpring GX v. 11.5 (Agilent Technologies, Mississauga, Ontario, Canada). The final expression value of a given transcript on each array was determined by averaging probe intensities after Tukey's median polish, which was performed with the R statistical software, and applying baseline transformation. The list of genes, differentially expressed between SARC1 and SMARC1N-PN1 at each developmental stage, was obtained using the cutoffs of 1.4-fold and analysis of variance (ANOVA) with corrected P values smaller than 0.05, which was computed via asymptotic distribution and Benjamini-Hochberg false discovery rate multiple testing correction. Analysis of metabolic pathway genes was aided by consulting the Plant Metabolic Network (PMN) database .
Reverse transcription-quantitative PCR
Four µg of DNase I-treated RNA was reverse transcribed with 50 µM of Oligo(dT) 20 primers using ThermoScript TM reverse transcriptase following the manufacturer's instructions (Life Technologies). Quantitative PCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Mississauga, Ontario, Canada). Reactions contained primers at a concentration of 0.5 µM (see Supplementary  Table S1 at JXB online). They were carried out in Hard-Shell 96-well PCR plates (Bio-Rad Laboratories) in a final volume of 10 µl. The reaction contained 5 µl of 2× SsoFast EvaGreen Supermix (Bio-Rad Laboratories) and 2 µl of a 32-fold dilution of the cDNA. The PCR program consisted of an initial step of 3 min at 95 °C followed by 40 cycles of 10 s at 95 °C and 30 s at 59 °C. Data were analysed using CFX Manager 2.0. Data were expressed as the cycle number necessary to reach a threshold fluorescence value (C q ). The reported values are the means of three biological replicates consisting of independent RNA extracts, with each biological replicate the average of three technical replicates. Data were normalized to the mean C q of the ubiquitin reference gene (CL1Contig148), for which the variation between genotypes and developmental stages was smaller than or equal to 0.6. The specificity of primer pairs was confirmed by melt curve analysis in comparison with controls without template and by agarose gel electrophoresis of PCR products. PCR efficiency of ubiquitin was calculated from a standard curve of C q versus the logarithm of starting template quantity. Efficiency was 92%, with a coefficient of determination (R 2 ) of 0.99.
Extraction and quantification of free amino acids
Amino acids were extracted in triplicate and quantified by HPLC after derivatization with phenylisothiocyanate as previously described (Yin et al., 2011) . Cysteine was determined separately as cysteic acid, after performic acid oxidation.
Accession number
Expression data were deposited at the Gene Expression Omnibus of the National Center for Biotechnology Information with accession number [GEO: GSE34233].
Results
The four developmental stages selected for microarray analysis span the entire period of γ-Glu-S-methyl-Cys accumulation in seed (Yin et al., 2011) . During seed development, phaseolin and phytohaemagglutinin transcripts are most abundant between stages IV to VI, while phaseolin as a protein accumulates between stages V to VII (Bobb et al., 1995) . Seed desiccation takes place during stage VIII. Hierarchical clustering of expression values for major seed protein transcripts that were differentially expressed between SARC1 and SMARC1N-PN1 throughout all four developmental stages were consistent with previous proteomic findings ( Fig. 1) (Marsolais et al., 2010) .
Lower expression values were systematically observed for phaseolin, arcelin, lectin, and most phytohaemagglutinin contigs in SMARC1N-PN1. Low values measured for arcelin may be due to cross-hybridization with related, residual lectin sequences (Marsolais et al., 2010) . Similarly, a residual phaseolin isoform was previously shown to be expressed at low levels in SMARC1N-PN1. α-Amylase inhibitor-1, α-amylase inhibitor like protein, leucoagglutinating phytohaemagglutinin (PHA-L), and albumin-1 contigs had higher expression values, consistent with the fact that the corresponding proteins were previously shown to compensate, in part, for the absence of phaseolin and major lectins in SMARC1N-PN1.
Differential expression of transcripts coding for sulphurrich proteins
The microarray data were examined for differential expression of transcripts coding for sulphur-rich proteins (Table 1) . To identify corresponding genes, contig sequences were searched by BlastX against the proteome predicted from the early release genome of the common bean (Phaseolus vulgaris v1.0, DOE-JGI and USDA-NIFA, http://www.phytozome.net/commonbean_er). Sulphur-rich proteins previously identified by proteomics as elevated in SMARC1N-PN1 also had increased transcript levels. They include legumin, albumin-2, defensin D1, albumin-1A and -B, and the Bowman-Birk type proteinase inhibitor. The Fig. 1 . Cluster analysis of seed storage protein genes differentially expressed between SMARC1N-PN1 and SARC1 at all four developmental stages, using a threshold value of 1.4-fold and a corrected P value smaller than 0.05. Expression values measured by microarray analysis were used for hierarchical clustering. Values are the means of four biological replicates at stages IV and V, and three biological replicates at stages VI and VIII. Abbreviations are as follows: Arc, arcelin; Phs, phaseolin; Pha, phytohaemagglutinin; Lec, lectin; AI, amylase inhibitor; AIL, amylase inhibitor-like; Pha-L, leucoagglutinating phytohaemagglutinin, Alb, albumin.
corresponding contigs were identified by comparison with tryptic peptide sequences determined either de novo with PEAKS or through MASCOT searches (Marsolais et al., 2010; Yin et al., 2011) . Transcripts of additional types of sulphur-rich proteins were identified as differentially expressed, including the basic 7S globulin, double-headed trypsin, and Kunitz trypsin protease inhibitors. Soybean basic 7S globulin, known as γ-conglutin in lupin, is a minor Cys-rich globulin with structural similarity to xyloglucan-specific endo-β-1,4-glucanase inhibitor-like protein (Scarafoni et al., 2010; Yoshizawa et al., 2011) , which has insulin-binding properties and glucose-lowering nutritional effects (Hanada and Hirano, 2004; Magni et al., 2004; Lovati et al., 2012) . The predicted amino acid sequence of the basic 7S globulin-2 from common bean has 3% of its residues as Cys and 1.9% as Met; 13.3% as Cys and 2.5% as Met for the double headed trypsin inhibitor; and 2.3% as Cys and 0.9% as Met for the Kunitz trypsin protease inhibitor. For some types of sulphur-rich protein already known from proteomics, novel contig sequences were identified as differentially expressed. There were five albumin-2 contigs matching three different genes located at Table 1 . Fold change of transcripts coding for sulphur-rich proteins in SMARC1N-PN1 as compared with SARC1. A negative value refers to a reduced expression in SMARC1N-PN1 by the corresponding fold change. Values statistically significant at P ≤ 0.05 are highlighted in bold. Contigs with evidence for differential expression at the protein level are highlighted with an asterisk (Marsolais et al., 2010; Yin et al., 2011 a single locus on chromosome 7 within an interval of approximately 20 kb. A γ-thionin contig is 58% identical in amino acid sequences with defensin D1, and their fold change values had a similar developmental profile. The corresponding genes were present on different chromosomes, 5 and 9. A total of 21 albumin-1 contigs were differentially expressed matching eight genes present at a unique locus spanning an interval of approximately 110 kb on chromosome 11. Among these, transcripts were most elevated for albumin-1A (10-fold), albumin-1E (7-fold), and albumin-1F contigs (11-fold). The three differentially expressed genes coding for the Bowman-Birk type proteinase inhibitor 2 and the double-headed trypsin inhibitor/trypsin chymotrypsin inhibitor are also co-localized on chromosome 4 within an interval of approximately 20 kb. Differential expression was observed at distinct developmental stages. Albumin-2, albumin-1E, the Bowman-Birk type proteinase inhibitor 2, and the double-headed trypsin inhibitor contigs had increased transcript levels starting from stage IV. This was followed by legumin and basic 7S globulin-2 at stage V. Defensin D1 was differentially expressed at stage VI, and albumin-1A and -B at stage VIII. Transcripts of the Kunitz trypsin protease inhibitor were elevated at stages VI and VIII. For some abundant transcripts, differential expression could not be evaluated when signal intensities were saturated, at values near 15.5 (see Supplementary Fig. S1 at JXB online). This was the case for defensin D1 at stage VIII, and for the Bowman-Birk type proteinase inhibitor 2 and the double headed trypsin inhibitor starting at stages VI and VIII. In parallel with transcripts of Cys-rich proteins, those of three different chaperones involved in the formation of disulphide bridges were also elevated (Table 2) .
Co-ordinate regulation of sulphur metabolic transcripts
To obtain a better understanding of the mechanism(s) controlling the concentration of sulphur amino acids, the microarray data were examined for the differential expression of sulphur metabolic genes between the two genotypes (Table 3) . Transcripts coding for enzymes associated with several processes of sulphur metabolism were significantly increased in SMARC1N-PN1 compared with SARC1, exclusively at the last two developmental stages, VI and VIII. The contigs were associated with specific genes in the P. vulgaris genome identified using a BlastX search, and a nomenclature developed on the basis of phylogenetic clustering with Arabidopsis and soybean homologues (Yi et al., 2010; Hell and Wirtz, 2011; Takahashi et al., 2011) . Differential expression of transcripts for sulphur metabolic enzymes was systematically validated by reverse transcriptionquantitative PCR and the results of these experiments are presented in Fig. 2 . Transcript levels of two sulphate transporters, Sultr1;2 and Sultr3;3, were elevated in SMARC1N-PN1 at stage VI, which coincides with the active phase of storage protein accumulation (Table 3) . Expression of genes coding for enzymes involved in the three steps of sulphate assimilation was increased in SMARC1N-PN1 (Fig. 2) . Transcripts of sulphate adenylyltransferase, ATPS1, which catalyses the formation of an activated form of sulphate, adenosine 5'-phosphosulphate, were elevated at stages VI and VIII by up to 1.8-fold. Transcripts of adenylylsulphate reductase, APSR1, which forms sulphite, were elevated at stage VI, by 2-fold. Sulphite reductase, SIR, was not represented on the array. However, reverse transcription-quantitative PCR analysis indicated that its transcript was also elevated at stage VIII, by 1.5-fold. Transcript levels of selenium binding protein, SBP, a marker of sulphate assimilation (Hugouvieux et al., 2009) , were also increased by 3.5-and 4.9-fold at stages VI and VIII, respectively. Among Cys biosynthetic enzymes, transcripts for SERATs, SERAT1;1 and -1;2, which synthesize O-acetylserine, were elevated at both developmental stages in SMARC1N-PN1, particularly SERAT1;2, by 1.9-fold at stage VI (Fig. 2 ). SERAT1;1 and -1;2 were represented by a single contig on the microarray (Table 3) and their amino acid sequences are 99.3% identical. According to phylogeny and analysis with WoLFPSORT (Horton et al., 2007) , they are predicted to be localized in the cytosol. Transcripts of SERAT2;1, were decreased in SMARC1N-PN1 by approximately 1.5-fold at the last developmental stage (Fig. 2) . Arabidopsis has two SERAT2 genes whose products are localized in plastids or mitochondria (Noji et al., 1998) . A fusion between soybean SERAT2;1 and a fluorescent protein was detected in the cytosol and plastids (Liu et al., 2006) . WoLFPSORT results for common bean SERAT2;1 were ambiguous but indicated a putative plastidic localization. Transcripts of cystathionine β-lyase, CBL, catalysing the second step in Met biosynthesis which produces homocysteine were elevated in SMARC1N-PN1 at both stages VI and VIII, by approximately 1.8-fold. Transcripts of homocysteine S-methyltransferase, HMT3, which catalyses the transfer of the methyl group from S-methyl-Met or S-adenosylmethionine to homocysteine, producing Met, were also elevated by 1.6-fold at stage VIII. Transcripts for enzymes that are potentially involved in Met catabolism, including Met γ-lyase, MGL1, branched chain amino acid aminotransferase, BCAT1, and Tyr aminotransferase, TAT, were also increased.
Activation of Cys and Met biosynthesis is correlated with a depletion of O-acetylserine
To understand better the relationship between transcripts of meta bolic genes and biochemical intermediates during seed development, free amino acids were profiled between SMARC1N-PN1 and SARC1. Free amino acid concentration was determined at the four developmental stages and expressed in nmol mg -1 seed weight (see Supplementary Fig. S2 at JXB online). The ratio of amino acid concentration in SMARC1N-PN1 relative to SARC1 was expressed in a log 2 scale. Data were classified by k-means analysis into six clusters (Fig. 3) . One grouped the nitrogen-rich amino acids, Asn, Arg, His, citrulline, and Gln, whose concentration was lower in SMARC1N-PN1 at the first two developmental stages and higher at the last two. In mature seed of SMARC1N-PN1, the levels of these amino acids, except Gln, as well as the total Arg concentration, are elevated as a compensatory mechanism for the lack of major seed proteins (Taylor et al., 2008) . The cluster grouping Ser, Ala, Val, Orn, and Lys showed a similar pattern as the previous one, except that the ratio of concentrations between genotypes was less elevated at the last developmental stage. Among these amino acids, the concentration of Ala and Lys is also elevated in mature seed of SMARC1N-PN1 (Taylor et al., 2008) . The largest cluster grouped amino acids whose levels were similar between genotypes at the first developmental stages and slightly elevated in SMARC1N-PN1 at stage VIII. Within this cluster, levels of Asp, Gly, and γ-Glu-Leu are also elevated in mature seed of SMARC1N-PN1. Cys was part of this group, and its levels were consistently higher in SMARC1N-PN1 as compared with SARC1 throughout development (see Supplementary Fig.  S2 at JXB online). Concentrations were fairly similar between genotypes for the cluster grouping Thr, α-amino-N-butyric acid, Tyr, and Phe. These amino acids are found at a similar level in mature seed of the two genotypes. O-Acetylserine was clustered separately from all other free amino acids. Its levels were strongly reduced in SMARC1N-PN1 at the last two developmental stages, indicating that enhanced accumulation of Cys in the protein pool was correlated with a depletion of its immediate precursor. The last cluster grouped free amino acids present at equal or lower levels throughout development. As expected, these included S-methyl-Cys and γ-Glu-S-methyl-Cys. Also in this group, Met levels were lower in SMARC1N-PN1 at the first two developmental stages and became equal between genotypes as they reached very low levels at the last two developmental stages. Table 3 . Fold change of transcripts for sulphur metabolic genes in SMARC1N-PN1 compared with SARC1 A negative value refers to a reduced expression in SMARC1N-PN1 by the corresponding fold change. Values significant at P ≤ 0.05 are highlighted in bold. Protein accession was identified by BlastX of the early release of the Phaseolus vulgaris genome. 
Discussion
In this study, global gene expression profiles were compared during seed development between two common bean genotypes, SARC1 and SMARC1N-PN1 differing in seed protein composition. The concentration of sulphur amino acids in mature seed is a major trait differentiating these two genotypes. The main objective was to investigate whether genes associated with sulphur metabolism are regulated transcriptionally, in order to identify genes and enzymes which may contribute to differences in Cys, Met, and S-methyl-Cys concentration. A secondary objective was to further identify the sulphur-rich proteins which accumulate additional Cys and Met in SMARC1N-PN1. The development of a common bean-specific high density array can be considered an improvement over a previous study relying on cross-species hybridization to a soybean array (Yang et al., 2010) .
Transcripts of a fairly large number of contigs coding for sulphur-rich proteins had elevated levels in SMARC1N-PN1 and thus contributed to the increased concentration of Cys and Met. No fewer than eight protein types were involved, including the 11S globulin legumin, basic 7S globulin, albumin-2, defensin, albumin-1, the Bowman-Birk type proteinase inhibitor, the double-headed trypsin inhibitor, and the Kunitz trypsin inhibitor. Within each protein type, one or more genes were differentially expressed. For several of the sulphur-rich proteins, differential transcript expression was observed at the early stages, IV or V, and preceded that of sulphur metabolic enzymes, which happened exclusively at stages VI and VIII. This suggests that sulphur metabolism was regulated by demand from the protein sink.
The transcript profiling results highlight a remarkable coordination in the expression of sulphur metabolic genes, which includes those participating in sulphate transport and assimilation, de novo Cys biosynthesis, Met biosynthesis, and Met catabolism. The increased levels of Sultr1;2 and -3;3 transcripts in SMARC1N-PN1 are consistent with Arabidopsis studies implicating the high affinity sulphate transporter Sultr1;3 in phloem transport of sulphate (Yoshimoto et al., 2003) , and low affinity group 3 sulphate transporters in the transport of sulphate from the seed coat to the embryo (Zuber et al., 2010) . Sulphate uptake and assimilation share approximately equal control over cellular sulphur flux, according to the results of metabolic flux analysis (Vauclare et al., 2002) . Transcripts for all three enzymes of sulphate assimilation were elevated in SMARC1N-PN1, but the most robust increases were observed for APSR1 and ATPS1 at stage VI. APSR is considered the major regulatory step in sulphate assimilation (Vauclare et al., 2002) . However, in Arabidopsis, transcripts of ATPS can also be increased in response to sulphur deficiency (Logan et al., 1996) . Moreover, recent results with T-DNA insertion mutants indicate that down-regulating expression of SIR can severely restrict sulphur flux (Khan et al., 2010) . The large increase in transcript levels of SBP, whose expression is highly correlated with sulphate assimilatory genes in Arabidopsis (Hugouvieux et al., 2009) , supports the conclusion that sulphate assimilation was activated in SMARC1N-PN1.
The fact that SERAT1;1 and -1;2 transcripts were increased in SMARC1N-PN1 and not those of OASS genes supports the view that SERAT activity, and therefore the supply of O-acetylserine, limits the rate of Cys biosynthesis, because OASS activity is actually present in large excess . In Arabidopsis leaves, most O-acetylserine is synthesized by the mitochondrial SERAT2;2 isoform, whereas in siliques, cytosolic isoforms including SERAT1;1 were proposed to be responsible for O-acetylserine formation (Haas et al., 2008; Watanabe et al., 2008) . Increased expression of SERAT1 genes in SMARC1N-PN1 suggests that the large increase in total Cys concentration in seed was achieved by an activation of cytosolic O-acetylserine biosynthesis. This subcellular compartmentation may explain why transgenic over-expression of cytosolic OASS increased total Cys concentration in soybean seed, whereas over-expression of plastidic SERAT had no effect on sulphur amino acid concentration in chickpea seed (Kim et al., 2012; Tabe et al., 2010) . Common bean has a single SERAT2 isoform whose putative localization may be plastidic according to WoLFPSORT analysis. The reduced transcript levels of SERAT2;1 in SMARC1N-PN1 raises the intriguing possibility that this gene may regulate S-methyl-Cys biosynthesis. This hypothesis implies that S-methyl-Cys is formed by the condensation of O-acetylserine and methanethiol. This reaction is presumed to take place in Arabidopsis cells grown with excess Met, following its cleavage by Met γ-lyase (Rébeillé et al., 2006) . If Cys and S-methyl-Cys biosynthesis share similar enzymes and a common precursor, O-acetylserine, their spatial separation within different subcellular compartments would provide a mechanism explaining their opposite regulation. Fig. 3 . Cluster analysis of free amino acid profiles during seed development. The ratio of free amino acid concentration in SMARC1N-PN1 versus SARC1 was classified using k-means analysis into six groups. The average of each cluster has been plotted. The cluster in red includes Asn, Gln, His, citrulline, and Arg; in pale blue Ser, Ala, Val, Orn, and Lys; in violet Asp, Glu, Gly, γ-amino-butyric acid, Pro, γ-Glu-Leu, Cy, and Leu; in yellow, Thr, α-amino-N-butyric acid, Tyr, and Phe; in green, γ-Glu-S-methylCys, S-methyl-Cys, Me, and Ile; and in blue, O-acetylserine. Data on the y axis is the ratio of free amino acid concentration expressed in log 2 scale (see Supplementary Fig. S2 at JXB online).
The fact that transcript levels of the Met biosynthetic enzyme, cystathionine γ-synthase (CGS) remained unchanged while CBL and HMT3 transcript levels were increased in SMARC1N-PN1 is surprising because CGS regulates flux in the Met pathway while downstream steps are not expected to exert control. Indeed, over-expression of CBL in transgenic potato did not result in an increased concentration of Met (Maimann et al., 2001) . CGS shares a common substrate with Thr synthase, O-phosphohomoserine, and is thus located at a branch point with Thr biosynthesis in the Asp-derived amino acid pathway (Bartlem et al., 2000; Zeh et al., 2001) . S-Adenosylmethionine acts as an allosteric activator of Thr synthase, effectively imposing a feedback on CGS (Curien et al., 1998) . According to kinetic modelling, flux through the Met branch is very sensitive to the concentration of S-adenosylmethionine, more so than through the Thr branch (Curien et al., 2003 (Curien et al., , 2009 . Modelling also predicts that flux through the Met branch is sensitive to the amount of CGS. The enzyme is fairly insensitive to changes in Cys concentration, due to its ping-pong mechanism whereby O-phosphohomoserine is bound as the first substrate. Post-transcriptional regulation of CGS by S-adenosylmethionine exerts a second type of slower control (Onoue et al., 2011) . In accordance with the above kinetic model, transgenic expression of CGS in Arabidopsis led to an increased Met concentration, and even more so for a feedback-insensitive form (Hacham et al., 2008; Kim et al., 2002) . However, over-expression of potato CGS did not lead to an increased Met concentration, and its transcript was insensitive to feedback from exogenous Met (Kreft et al., 2003) . In the present study, since CGS transcript levels remained unchanged, one can predict that the concentration of S-adenosylmethionine may be decreased to allow enhanced flux through the Met pathway. The elevated levels of MGL1 transcripts suggest an increased demand for Met, which may be associated with a reduction in S-adenosylmethionine concentration. The increased levels of CBL and HMT3 transcripts observed in SMARC1N-PN1 possibly reflect the need to accommodate increased flux through the Met pathway.
In SMARC1N-PN1, the increase in total Met concentration, of 10%, is relatively small compared with that for total Cys, of 70% (Taylor et al., 2008) . Nevertheless, a co-ordinate increase in transcript levels of the Met biosynthetic genes, CBL and HMT3 was observed. HMT is likely to be involved in the assimilation of S-methyl-Met transported to the seed (Bourgis et al., 1999; Lee et al., 2008) . However, the fact that MGL1 transcripts were elevated raises the intriguing possibility that some of the sulphur taken up as S-methyl-Met is channelled into Cys biosynthesis. In Arabidopsis plants, radiolabelled sulphur from [
35 S]Met was incorporated into the Cys protein pool, and this was reduced but not abolished in an mgl knock-out mutant (Goyer et al., 2007) . Arabidopsis MGL has been linked to Ile biosynthesis (Joshi and Jander, 2009 ). However, Ile demand is unlikely to regulate the MGL1 transcript in SMARC1N-PN1, since this genotype has lower levels of total Ile compared with SARC1 (Taylor et al., 2008) . Increased levels of transcripts for two aminotransferases implicated in Met catabolism in other species also supports a possible Met to Cys pathway. In Arabidopsis, BCAT3 and -4 participate in the formation of α-ketomethylthiobutyric acid from Met as part of glucosinolate biosynthesis (Schuster et al., 2006; Knill et al., 2008) . In bacteria and fungi, TAT is involved in the regeneration of Met from α-ketomethylthiobutyric acid in the Met salvage pathway (Pirkov et al., 2008) [Plant Metabolic Network (PMN), http://pmn. plantcyc.org/PLANT/NEW-IMAGE?type=NIL&object=PWY-4361-ARA&redirect=T">www.plantcyc.org">http://pmn. plantcyc.org/PLANT/NEW-IMAGE?type=NIL&object=PWY-4361-ARA&redirect=T on www.plantcyc.org 16 February 2012], while in lactic acid bacteria, it is the main enzyme responsible for the biosynthesis of α-ketomethylthiobutyric acid required for aroma formation (Rijnen et al., 2003; Sekowska et al., 2004) .
In vegetative tissue, transcriptional regulation of sulphur uptake and assimilation by demand is a well-established concept, with feedback inhibition by glutathione, and stimulation by O-acetylserine (Lappartient et al., 1999; Neuenschwander et al., 1991) . Exogenous application of O-acetylserine mimics the effects of sulphur deficiency, and transcript levels of sulphate transporters and sulphate assimilatory genes are increased in mutants accumulating O-acetylserine (Hirai et al., 2003; Ohkama-Ohtsu et al., 2004) . O-Acetylserine acts as a signalling molecule leading to changes in gene expression, independent of fluctuations in other sulphur-related metabolites (Hubberten et al., 2012) . In transgenic seeds expressing sunflower seed albumin, down-regulation of endogenous sulphur-rich proteins was associated with reduced levels of glutathione in rice (Hagan et al., 2003) , and increased levels of O-acetylserine in chickpea (Chiaiese et al., 2004) , both features associated with sulphur deficiency. In the present study, the high demand for Cys biosynthesis was correlated with reduced levels of O-acetylserine. Co-ordinate regulation of transcripts for most enzymatic steps emphasizes shared control over the metabolic flux of sulphur into Cys and Met, rather than the influence of a few key enzymatic steps (Stitt et al., 2010) .
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